Background The volume of CT examinations has increased with resultant increases in collective dose values over the last decade.
Introduction
CT is responsible for a large proportion of collective effective dose as a result of radiation exposure for medical purposes internationally [1, 2] . Overall radiologic exposure levels associated with pediatric examinations have increased by 700%, in large part due to the increased number of exams [3] and concern is particularly justified for children due to their higher sensitivity to radiation and longer expected life span [4] .
Head CT examinations have been highlighted as the most frequent pediatric CT examination in the United States [5] and in several European countries [1, [6] [7] [8] [9] [10] and by the Dose DataMed II report (DDM2) [11] . Some studies have indicated that younger children are being exposed to similar CT dose index (CTDIvol) and dose length product (DLP) values as older children and are exposed to adult dose levels in cases where imaging protocols are not modified for pediatric application [6, 12, 13] .
CT optimization research has demonstrated that manipulation of exposure parameters such as tube voltage and current, pitch, slice thickness, tube current modulation and acquisition mode are all potential optimization options; however, each parameter requires specific consideration to ensure that diagnostic image quality is maintained [14] [15] [16] [17] . Tube current modulation is noted in literature as the most used optimization tool, which adjusts the current to the patient size in the longitudinal and angular axes [18] . Tube voltage decreases have also demonstrated dose reductions of up to 42% in one phantom-based study [19] and 53% in a CT angiographic patient study; however, tube voltage manipulations are welldocumented for causing increases in image noise for head and body CT examinations [16, 20] .
The subject of this work is an automated doseoptimized selection of the X-ray tube voltage (kV), CARE kV (Siemens Healthcare, Erlangen, Germany). Its princliple is to maintain contrast-to-noise ratio. The estimated dose is calculated based on specific tube current time product curves for all of the voltage levels to determine the optimal dose efficiency and the system automatically applies the optimal settings [21] . The goal of this study was to analyze the impact of the tube current and voltage modulation for pediatric head CT examinations by analyzing both anthropomorphic and patient data before and after implementation of CARE kV, incorporating radiation dose and image quality considerations.
Materials and methods
This study began after the participation of the dedicated pediatric center in the initial establishment of pediatric CT diagnostic reference levels (DRLs) in Portugal [7] . The center decided to implement the CT system upgrade after the presentation of local CT DRLs and their comparison with European data and discussion with radiology leads. This study was performed using a Somatom Definition AS (64 multidetector rows) (Siemens Healthcare, Erlangen, Germany) system upgrade (syngo CT 2012B), which allows the use of CARE Dose 4D with tube voltage and current modulation dedicated curves for children.
The head CT examinations were completed using two scan ranges (supra-and infratentorial) with the exception of newborn imaging and were performed in axial mode with varying slice thicknesses, oriented by the orbitomeatal line, according to local protocol/preference.
Phase 1: pediatric anthropomorphic experimental tests
The CT dose index (CTDIvol, mGy) was verified using a calibrated Raysafe TM Xi CT ionization chamber (Unfors RaySafe, Billdal, Sweden) and a polymethylmethacrylate (PMMA) CTDI phantom with a density of 1.19 g/cm 3 . The pre-upgrade protocols for head CT examinations were applied to CIRS® (Tissue Simulation & Phantom Technology, Norfolk, Virginia, USA) anthropomorphic phantoms (ATOM dosimetry verification phantoms -models 703, 705 and 706) that simulate newborns, 5-and 10-year-old children, respectively ( Fig. 1 ) and a RANDO® (RANDO Phantoms, Salem, NY, USA) Woman (female figure with 163 cm height and 54 kg weight) to represent an 18-year-old patient. The pre-upgrade protocols categorized children by age; however, these age subsets were not aligned to pediatric radiography recommendations [22] and did not use current modulation. Each phantom was scanned using the pre-upgrade protocols and CTDIvol and DLP measures collected. Post upgrade, the CTDI verification and the experimental tests with the pediatric and 18-year-old anthropomorphic phantoms were repeated. CTDIvol and DLP values before and after the upgrade were compared.
Phase 2: head CT radiation dose levels
Institutional ethical approval was attained to collect patient data (age and CT examination). Retrospective data collection of head CT dose reports from the Picture Archiving and Communication System (PACS) and Radiology Information Systems (RIS) were completed to calculate pediatric DRLs, in CTDIvol and DLP, for specific ages (newborn, 5, 10 and 15 years old). Data were collated for the 10 most recent consecutive patients within each age category, pre and post upgrade. The variation in tube voltage across the patient age categories was noted during each procedure. This ranged from 80 to 120 kV with tube voltage modulation.
The AP and lateral diameters (cm) of patient heads were measured by a single observer with 10 years of experience at the supratentorial level, using OsiriX® Imaging software (Pixmeo, Geneva, Switzerland) version 4.0 32 bit (Fig. 2) to compare the head diameters of patients within matching age categories, pre and post upgrade.
The Statistical Package for Social Sciences, SPSS (version 21, IBM, Chicago, Il) software was employed to establish the 75th percentile of the dose levels per age categorization. Following normality testing, analysis of variance (ANOVA) testing was applied to identify any significant differences (P<0.05) in dose levels and head diameters, pre and post upgrade across the age groups.
Phase 3: image quality analyses
Ten pediatric head CT examinations pre and post upgrade, for each of the four age categories, were collated and presented for image quality review totaling 80 cases. Adult CT data were not included. Patient images were coded, prepared and presented in ViewDEX 2.0 (Viewer for Digital Evaluation of X-ray images) software (Markus Håkansson, University of Gothenburg, Sweden) [23] . Visual grading characteristic (VGC) image quality evaluation was completed using anatomical criteria scoring by four pediatric neuroradiologists, each having a minimum of 7 years of experience in pediatric radiology (Table 1) [24] . Images were analyzed (Fig. 3 ) on a diagnostic workstation with color monitors FLATRON L2010P (LG, Electronics, Englewood Cliffs, NJ, USA). The ambient luminance was measured with a Raysafe TM Xi Light detector (Unfors RaySafe, Billdal, Sweden) to ensure consistent ambient lighting conditions of less than 40 lux [25] .
VGC is a hybrid form of analysis, which facilitates scrutiny of the characteristics of visual grading. A webbased calculator for Receiver Operating Characteristic (ROC) Curves (John Eng, Baltimore, Maryland, USA) to determine the area under the curve (AUC VGC ) per criteria and neuroradiologist [26] . VGC uses a rating scale to record the observer opinion of the fulfillment of image quality criteria. The AUC VGC describes the relationship between the proportions of fulfilled image criteria for two related examinations, a 0.5 AUC VGC indicates no difference in rating before and after the CT upgrade [27] . A five-point rating scale was used for each image criterion evaluated. The Student's t-test (for independent samples) was applied to compare before and after image evaluation ratings per age categorization. Cohen's Kappa testing employed a Landis and Koch scale [28] to analyze the interobserver agreement (P<0.05) between neuroradiology evaluations across datasets, in each of the four age categories [23, 27] .
The mean Hounsfield unit (HU) and standard deviation (SD) readings were calculated for a 2 cm 2 region of interest (ROI) of the infratentorial region to determine changes in image noise in each dataset (Fig. 4) . A single observer, with more than 10 year of experience, performed the selection of this region. The ROIs were defined in a Fujifilm® Medical Systems -Synapse® PACS (version 4.2, D-40549 Düsseldorf, Germany) at the fourth cerebral ventricle. This was identified by the participating neuroradiologists as the most homogeneous area within the infratentorial region. ROIs were created in the same region across all datasets. ANOVA testing was employed to compare patient mage HU and SD values before and after upgrades across the four age categories.
Results

Phase 1: pediatric anthropomorphic experimental tests
The results of the anthropomorphic experimental tests are presented in Table 2 . The dose reductions achieved in terms of CTDIvol, post upgrade were 57%, 45%, 48%, for newborn, 5 and 10 years old patient, respectively and 44% for the adult phantom (18 year old).
Phase 2: head CT examination dose levels
The local DRLs in terms of CTDIvol and DLP values were recorded pre and post upgrade as were the head CT diameters (Table 3) . No significant differences between patient head diameter readings (AP and lateral) pre and post upgrade (P>0.05) were noted, facilitating comparison between matched patient cohorts. The local DRLs were reduced by 52%, 41%, 46% and 40% in terms of CTDIvol and by for 47%, 41% 49% and 38% in DLP for newborn, 5-, 10-and 15-year-old patients, respectively. Significant differences in CT dose levels (Table 3) within each age categorization pre and post upgrade were identified (P<0.05).
Phase 3: image quality analyses
In line with Commission of the European Communities (CEC) recommendations images with pathology could impede anatomical criteria review [24] , hence a small number (n=3) with extensive pathology were discarded from the image evaluation. VGC analyses across the age categories are summarized in Fig. 5 . Image quality ratings for newborn head CT examinations scored higher for four out of five image criteria with modulation, namely visually sharp reproduction of the basal ganglia, ventricular system, cerebrospinal fluid space around the mesencephalon and cerebrospinal fluid space (AUC VGC =0.6). The visually sharp reproduction of the border between white and grey matter returned a 0.5 AUC VGC . Similarly, four image criteria for the 5-year-old patient cohort were equivalently reproduced pre and post software upgrade (AUC VGC =0.5). The visually sharp reproduction of the border between white and grey matter criterion was the single factor recording a reduced rating of 0.4 AUC VGC post upgrade. The VGC findings identified that for 10-yearold patients the five criteria were equally reproduced pre and post upgrade (AUC VGC =0.5). The 15-year-old patients recorded a 0.4 AUC VGC for the visually sharp reproduction of the border between white and grey matter as did the 5-year-old patients. For the basal ganglia, the remaining three criteria returned a 0.5 AUC VGC value. The interobserver agreement was lower for the newborn category (K=0.23, P<0.05), which may be related to the differences in pediatric head development during the initial months of a newborn child's development. However, substantial interobserver agreement was obtained for the majority of the age categorizations (K=0.71, K=0.63 and K=0.61 for 5-, 10-and 15-year-old children, respectively, P<0.05). Image evaluation findings across the four age categorizations identified overall moderate interobserver agreement (K=0.44; P<0.05). The measured image noise values pre and post upgrade in terms of HU and SD at the infratentorial region were similar upon inspection (Table 4 ) and no significant differences were noted for each age category (P>0.05).
Discussion
This study examined the impact of dose modulation curves and its effectiveness in optimizing CT imaging of children at a dedicated pediatric center. Whilst there are numerous publications related to tube voltage reduction and recommendations for this during pediatric CT examination, especially for newborn patients [14, 29] , only a limited number of studies have tested the impact of tube voltage and tube current modulation combined in pediatric CT practice. Tube current modulation is, however, a tool readily available on the majority of CT scanners and there have been numerous papers related to this single form of modulation [30, 31] . This technique was available at the participating clinical center; however, its application was not used as increased radiation dose had resulted once employed in practice as the modulation curves were not tailored to children. One study that employed a 4-year-old phantom reported encouraging results for tube voltage and current modulation applied in neck, chest and abdomen CT examinations; however, image quality implications were not included [32] . A further study has indicated that the combination of tube current and voltage modulation in adult liver CT examinations decreased the dose by 31% and acceptable image quality was maintained [33] . The findings of the latter study were similar to this work, which recorded a mean dose reduction of 45% and maintained image quality levels.
This work investigated the manipulation of tube current and voltage. One major advantage of the CARE Dose 4D is that it removes the issue of variation in patient sizes within age categories and the difficulties associated with manually matching defined protocols accurately to actual patient size [21] . This removes the need to identify protocols for age groups. However, to facilitate the comparison of this study's findings with those of international literature, dose and image quality were reviewed with specific age groupings applied [22] . The recent establishment of DRLs that prompted this dose optimization work revealed that local CT doses were substantial and, in fact, exceeded American College of Radiology (ACR) accreditation levels [34] , thereby justifying further analysis and investigation.
Prior to the software upgrade in June 2013, pediatric CT protocols for head examinations in the clinical center were divided into three groups (newborn to 3 years old, 3 to 10 years old, and all children older than10 years) that were imaged using adult protocols. This was not in keeping with methodologies in international dose studies. Therefore, to aid the comparison of radiation doses to those published previously, the anthropomorphic experimental tests were performed according to European recommended age categorization: newborn, 5-, 10-and 15-year-old patients [22] . Patient data was organized in these categories to also ensure consistency between phantom and patient data review. To further ensure comparability of age, the defined cohort's pre and post software upgrade head diameters were measured. The effective diameter (AP and lateral sum) is considered by the American Association of Physicists in Medicine (APPM) report 204 [35] to be a crucial measurement to establish the sizespecific dose estimates (SSDE). However, this report did not specifically consider head CT examinations and only applied its discussion to the main trunk of the body. The AP head diameter increased with the age, as expected. However, in children >5 years old, the lateral diameter was found to be similar, which is of note for those involved in the formulation of scanning protocols. The inclusion here of comparable patient cohorts pre and post upgrade is a considerable strength, which also facilitated the demonstration of improved local DRL levels post software upgrade. As summarized in Table 5 , the local DRLs post upgrade were substantially lower than those obtained in other studies and comparable to ACR recommendation [7, 8, 11, 34, 36, 37] , demonstrating the dosesaving potential of the software upgrade. It remains essential in any optimization process to include image quality analysis [38] . In line with previous literature, image quality was analyzed in two modes: objective and subjective [19] . Objective image analysis was determined by measurement of the mean HU and corresponding standard deviations, these values facilitating the analyses of signal and noise, respectively [39] . This method has been reported in several studies in which the authors correlated the variation of tube current with image noise levels [39, 40] . In this study, image noise analysis was measured using one single ROI location across all datasets. The ROI focused on a homogeneous area in the infratentorial region. This approach aimed to reduce variability across datasets. The minimal variation in noise levels noted between the pre-and post-upgrade images likely reflects the excessive parameters that were used pre upgrade, reminding CT users that above a certain dose level no improvement in image quality is obtained. The subjective image analysis was completed by neuroradiologists, using ViewDEX software and VGC scoring. ViewDEX is an efficient, useful and user-friendly software for observers and allows the possibility to perform ROC and VGC studies [23, 41] . All observers possessed similar expertise and no significant differences in the image evaluation (P>0.05) between observers were noted. Observer demographics can lead to differences in professional opinion as demonstrated in one other CT study that incorporated VGC analysis [41] . It was noted that for one of the criteria: "visually sharp reproduction of the border between white and grey matter" AUC <0.5 was recorded, indicating a preference for the pre upgrade protocols. However, the neuroradiology decision was that images post upgrade remained diagnostic and these have been adopted successfully into current practice.
Conclusion
Local DRLs were successfully reduced by an average of 45%. The application of combined tube and voltage modulation in this study demonstrated considerable dose savings without detriment to image quality. 
